To investigate the metabolism and distribution of docosapentaenoic acid (22:5n-6, DPA) in the liver and testis of growing rats, 22:5n-6 was administered to their dams. Newborn rats with a low hepatic arachidonic acid (20:4n-6, AA) level were generated by administrating a diet rich in docosahexaenoic acid (22:6n-3, DHA) but n-6 fatty acid (FA) free to pregnant dams. After parturition, 22:5n-6 or linoleic acid (18:2n-6, LA) was administered with a high level of 22:6n-3 to the dams until weaning. At weaning, the hepatic 20:4n-6 level was significantly highest in the DPA-DHA but not LA-DHA diet-fed animals. The hepatic delta-6 desaturase (D6D) mRNA abundance was significantly lower in both the LA-DHA and DPA-DHA diet-fed animals, connoted with the 20:4n-6 content recovered by 22:5n-6 that did not involve D6D and supporting the occurrence of retroconversion in the liver of the growing rats. The low D6D level in the 3-week-old testis was not in proportion to the elevated 22:5n-6 level, implying that early testicular 22:5n-6 accumulation might require supply from the circulation system.
Docosahexaenoic acid (22:6n-3, DHA), the most abundant n-3 fatty acid normally present in human and animal tissues, has specific functions in the brain and retina. [1] [2] [3] [4] It has been reported that infant formula containing 22:6n-3 was associated with improved growth and development. 5, 6) Moreover, formula containing 22:6n-3 has been shown to enable preterm infants to achieve immune development similar to that seen with breast-milk feeding. 7) Arachidonic acid (20:4n-6, AA), which is important in cell membrane phospholipids and serves as the precursor of eicosanoids, is maintained at a constant level under normal conditions in vivo. It has been shown that breast milk containing 20:4n-6 contributed to infant development. 8) There is also report that 20:4n-6 deficiency in preterm infants may lead to impaired growth over the first year of life. 9) In studies on 22:6n-3 supplementation, however, a high dietary intake of 22:6n-3 resulted not only in an increased 22:6n-3 content, but also in a drastically decreased 20:4n-6 content. 10, 11) This decrease in 20:4n-6 has been proposed to be related to the inhibition of delta-6 desaturase (D6D), reducing the synthesis of 20:4n-6 from linoleic acid (18:2n-6, LA). Both 22:6n-3 and 20:4n-6 are essential components for infant growth and development, and a lack of either may lead to impaired growth. Therefore, the 20:4n-6 decline caused by 22:6n-3 still requires a solution.
The docosapentaenoic acid (22:5n-6, DPA) content in most organisms is low, the n-3 isomer of 22:5n-6 in most fish oils being at a higher level than the n-6 isomer.
12) It is also known that 22:5n-6 is -oxidized to 20:4n-6, [13] [14] [15] [16] and that a deficiency of n-3 essential fatty acids in animals causes a compensatory rise in the 22:5n-6 level in the brain/retina, 17, 18) although the physiological function of 22:5n- 6 has not yet been clarified. In our previous in vivo and in vitro study, 22:5n-6 was found to blunt the decrease in 20:4n-6 level, but 18:2n-6 could not prevent the same decline in 20:4n-6 caused by a high 22:6n-3 administration level, implying that the 20:4n-6 level increased by 22:5n-6 supplementation was not affected by 22:6n-3. 19) There has been no previous report on the effect of 22:6n-3 on the 20:4n-6 level from pregnancy; studies on the effect of 22:5n-6 and 18:2n-6 on the biosynthesis of 20:4n-6 conditioned by high 22:6n-3 supplementation are also limited. It would therefore be valuable to compare the effects of 22:5n-6 and 18:2n-6, the two possible sources of 20:4n-6 accumulation, under a high 22:6n-3 administration level on the accumulation of 20:4n-6 in pups from pregnancy to weaning.
A second objective would be to clarify the source of the testicular accumulation of 22:5n-6 during growth, because it has been found that 22:5n-6 was present in a high concentration specifically in rat testis, where the level of 22:5n-6 has been found to be independent of the kind and quantity of oil in the diet. 19 ) Therefore, the testicular 22:5n-6 accumulation was investigated in newborn and weaned rats to clarify the source of 22:5n-6 in the testis during growth.
Materials and Methods
Materials. The DPA-DHA oil prepared from a singlecell marine microbe was presented by Suntory (Osaka, Japan). Safflower oil, rapeseed oil and soybean oil were presented by The Nissin Oillio Group (Tokyo, Japan). DHA-35G oil was presented by Japan Scientific Feeds Association. All other chemicals and reagents were of analytical grade.
Animals and diets. All procedures for the use and care of the animals for laboratory research were approved by the Animal Experiment Ethics Committee of Ochanomizu University. Eleven-week-old Wistar rats were purchased from Sankyo Labo Service Corporation (Tokyo, Japan). All the rats were initially fed on a commercial diet (CE-2) from Nippon Clea Co. (Tokyo, Japan) for one week. The animals were housed individually in an air-conditioned room at 23 AE 1 C with a 12 h light-dark cycle and were given the experimental diets and water ad libitum.
The test schedule was shown in Fig. 1 . After coitus, the dams were fed with DHA-rich oil (DHA group: n-6 FA-free diet) or safflower oil (SO group: n-6 FA-rich control diet) until parturition to generate newborn rats with low hepatic 20:4n-6 content. At birth, the dams were subdivided into the LA-DHA group (LA, 26%) and DPA-DHA group (LA, 17%; DPA, 7.8%) with no difference in body weight (data not shown). Before breast feeding, newborn pups with similar body weight were randomly selected from the DPA-DHA and LA-DHA groups to provide 5-10 samples for an analysis of the FA composition and D6D mRNA expression level at birth (week 0). The dams in the SO group continued to receive the same diet. The newborn pups were breast-fed for 3 weeks until weaning.
All the diets were prepared by mixing 5% (w/w) of the experimental oil mixtures with the basal diet. The basal diet, which was prepared according to the standards given by the American Institute of Nutrition (AIN), 20) was provided by Eisai Co., and contained the . The total amounts of n-6 and n-3 fatty acids in the dams' diets were adjusted to similar levels (Table 1) .
Tissues collection. All animals were killed by blood collection from the abdominal aorta. Collected tissues were washed by saline and stored at À80 C.
Lipid analyses. Lipids were extracted from tissues of the rats by the method of Folch et al. 21) Each lipid extract was methyl esterified with HCl/methanol by the method mentioned in our previous paper to measure the composition of fatty acids in the tissue. 22) The fatty acid SO, safflower oil diet; LA-DHA, 18:2n-6-rich diet; DPA-DHA, 22:5n-6-rich diet; À3 W, three weeks before parturition; 0 W, at parturition; 3 W, at weaning. All the experimental diets were administered to dams. Analyses were conducted at the birth (week 0) and weaning (week 3) stages. methyl esters were measured by gas-liquid chromatography (Perkin Elmer AutoSystemGC; Palo Alto, CA, USA) with a Rascot Silliar 5CP capillary column (0:25 mm Â 50 m; Nihon Chromato Works, Tokyo, Japan) under the conditions previously described in detail.
22)
Real-time PCR analysis. Total RNA was extracted from the tissues by the acid guanidinium-phenol-chloroform method. 23) The mRNA expression level of D6D was determined by the real time PCR method.
The Primer design of D6D was based on the sequences obtained from GenBank and the location of the open reading frame as determined with TaqMan Applied Biosystems Primer Express 1.0 software. The forward and reverse primers used were as follows:
0 ). Each sample was subjected to quantitative real-time PCR, using the GeneAmp 5700 sequence detection system (Applied Biosystems).
Statistical analysis. Each result is shown as the mean AE SD. The significance of differences was evaluated by analysis of variance (ANOVA) and the Bonferroni-Dunn post-hoc test, or by Student's t-test. Analyses were performed by using the StatView (System 4.02) computer package or Microsoft Excel software.
Results
Growth parameters and tissue weights No significant differences in the food intake and body weight gain were apparent among the animal groups (data not shown). We conclude that the administration of the various dietary PUFAs had no adverse influence on the growth of the rats.
Effect on the fatty acid composition in the liver of pups Pregnant dams were fed by the DHA-rich diet for three weeks until parturition, and the hepatic fatty acid composition of the pups was investigated at birth (week 0) ( Table 2 ). The 22:6n-3 content in the DHA diet was incorporated into the newborn liver of the DHA group feeding dams with the DHA diet containing only 3% of 18:2n-6 as the n-6 fatty acid successfully in created a newborn liver with a significantly low level of 20:4n-6 compared to the SO group. The other major n-6 FAs were at a very low level (18:2n-6) or not detected (22:4n-6 and 22:5n-6) in the newborn liver of the DHA group.
The low 20:4n-6 environment created at birth provided an appropriate platform to compare the efficiency of 18:2n-6 and 22:5n-6, the two possible sources of 20:4n-6 accumulation. 18:2n-6 and 22:5n-6 were respectively supplemented with 22:6n-3 in the diet for the dams to feed the LA-DHA and DPA-DHA groups. To confirm whether the various dietary PUFAs had been incorporated into the milk of the dams in each group, the milk was collected at weaning (week 3) for a fatty acid analysis (Table 3) . 18:2n-6, 22:5n-6 and 22:6n-3, which were the major PUFAs in the dams' diet, were found to have been incorporated into the milk. The fatty acid profile in the liver at weaning (Week 3) is shown in Table 4 . Although fed by dams whose diet had been supplemented with a high 22:6n-3 content, 18:2n-6 and 22:5n-6 was respectively incorporated into the liver of the LA-DHA and DPA-DHA pups. The 18:2n-6 level was significantly higher in the LA-DHA group, and the 22:5n-6 level was significantly higher in the DPA-DHA group. The level of 20:4n-6 in the liver of the weaned DPA-DHA group was significantly higher than that of the LA-DHA group. Comparing the 20:4n-6 levels in the livers of growing rats in the LA-DHA and DPA-DHA groups, 22:5n-6 was found to be more effective in its contribution to 20:4n-6 accumulation when administered with a significant amount of 22:6n-3.
Effect on the D6D mRNA expression level in the liver of the pups D6D, the rate-determining enzyme in both the n-3 and n-6 pathway, was investigated in the liver of the newborn rats (week 0) (Fig. 2) . The mRNA expression level of D6D was significantly low in the DHA group liver. The D6D mRNA abundance in the weaned rats at week 3 is shown in Fig. 3 . The D6D mRNA levels were very low in both the LA-DHA and DPA-DHA group weaned liver, there being no significant difference between the D6D mRNA levels in both these groups.
Effect on the fatty acid composition in the testis of the pups
The fatty acid composition in newborn testis at week 0 is shown in Table 5 . 22:6n-3, which was the major PUFA included in the DHA diet, was found to be significantly high in DHA group testis. No significant difference was found between the levels of 20:4n-6 and 22:5n-6, the major n-6 metabolites in the testis.
The testicular fatty acid composition at week 3 is shown in Table 6 . 22:6n-3 was significantly high in the testis of the weaned LA-DHA and DPA-DHA groups, reflecting its effect from the milk of the dams fed with LA-DHA or DPA-DHA diets. 22:5n-6 in the testis of the weaned DPA-DHA group was significantly higher than that of the LA-DHA group.
Effect on the D6D mRNA expression level in the testis of the pups
The testicular D6D mRNA expression could not be investigated at week 0 due to the limited size of the The mRNA expression level of D6D was measured by real-time PCR. Each result is expressed as the relative concentration (n ¼ 3{6). SO, safflower oil diet; LA-DHA, 18:2n-6-rich diet; DPA-DHA, 22:5n-6-rich diet. The significance of differences between different dietary treatments was evaluated by an analysis of variance (ANOVA) and the Bonferroni-Dunn post-hoc test. Bars not sharing a common roman letter are significantly different (p < 0:05). Dams were fed on the experimental diets for 3 weeks until parturition. The FA composition in the newborn testis was analyzed by GC. Each result is expressed in nmol/g of tissue by the mean AE SD (n ¼ 5{10). SO, safflower oil diet; DHA, 22:6n-3-rich diet. The significance of differences between different dietary treatments was analyzed by Student's t-test. Bars not sharing a common roman letter are significantly different (p < 0:05). Dams were fed on the experimental diets for 3 weeks until weaning. The FA composition in weaned testis was analyzed by GC. Each result is expressed in nmol/g of tissue by the mean AE SD (n ¼ 3{6). SO, safflower oil diet; LA-DHA, 18:2n-6-rich diet; DPA-DHA, 22:5n-6-rich diet. The significance of differences between different dietary treatments was evaluated by an analysis of variance (ANOVA) and the Bonferroni-Dunn post-hoc test. Bars not sharing a common roman letter are significantly different (p < 0:05).
newborn organs. The results for the testis of the weaned pups at week 3 are shown in Fig. 4 . The D6D mRNA level was significantly higher in the testis of the LA-DHA group than of the DPA-DHA group. There was no significant difference between the D6D mRNA level in the DPA-DHA and SO groups. Focusing on the results for the SO group, the low D6D expression level was not in proportion to the increased accumulation of major n-6 metabolites, especially 22:5n-6, in the testis of the SO group.
Discussion
Feeding pregnant dams with a n-6 FA-free diet in the present study successfully created newborn pups with a significantly low level of 20:4n-6 in the liver of the DHA group which provided a favorable environment to compare the effect of the two possible sources for 20:4n-6 synthesis: 18:2n-6 and 22:5n-6. After 3 weeks of diet intervention with the dams fed the LA-DHA diet, the 20:4n-6 level in their pups was unchanged from the 20:4n-6 level at birth (Tables 3 and 4) . However, intervention with 22:5n-6 in the dams fed with the DPA-DHA diet resulted in the hepatic 20:4n-6 level in their pups being increased by 1.5-fold, showing that 20:4n-6 synthesis by 22:5n-6 was more efficient than by 18:2n-6. Moreover, DHA diet intervention in the dams resulted in the decline of D6D mRNA expression in both the newborn and weaned liver of their pups (Figs. 2 and 3 ). This D6D decline did not stop the increase of 20:4n-6 by 22:5n-6, which implies that the conversion of 22:5n-6 to 20:4n-6 did not involve D6D and supports the retroconversion of 22:5n-6 to 20:4n-6 that had been reported in our previous study. 19) Studies on the retroconversion of 22:5n-6 to 20:4n-6 in rat liver have reported that the retroconversion occured with 22:4n-6 as the intermediate, suggesting that retroconversion took place by direct hydrogenation and subsequent -oxidation. 24) It has been well reported that a 20:4n-6 decline would be caused by 22:6n-3 administration in vivo. [25] [26] [27] [28] In the present study, the hepatic 20:4n-6 decline in newborn rats resulted from indirect diet intervention by supplementing the experimental diets fed to the dams. The D6D mRNA expression level showed that D6D was significantly low in the newborn pups fed by the dams that had received the DHA diet, which may account for the decline of 20:4n-6 in the newborn liver. As D6D is the major enzyme catalyzing the rate-determining first step of the n-6 and n-3 PUFA metabolic pathway, which involves the conversion of linoleic acid (LA, 18:2n-6) to -linolenic acid (GLA, 18:3n-6) and of ALA to 18:4n-3, the metabolism of 18:2n-6 cannot start without D6D. There have been studies reporting the inhibitory effect of PUFAs on the expression of D5D and D6D in the liver through the regulation of sterol-regulatory element binding protein 1 (SREBP-1) at the transcription level. 29, 30) Moreover, it has been reported that the expression level of D5D and D6D was positively regulated by SREBP-1 in the liver as a result of the presence of a sterol-regulatory element in the promoter region of D6D and probably D5D. 31, 32) According to these reports, the low D6D expression level caused by PUFAs in this study was probably related to the suppression of SREBP-1 at the transcription level.
20:4n-6 is an essential component of early growth. 8, 9) Therefore, the abnormal decline of 20:4n-6 caused by high 22:6n-3 supplementation still requires a solution.
Our former and present studies provided animal in vivo and in vitro data demonstrating that the retroconversion of 22:5n-6 to 20:4n-6 was independent of a high 22:6n-3 administration; this may suggest a solution to blunt the abnormal 20:4n-6 decline caused by a high 22:6n-3 administration by applying 22:5n-6 to 22:6n-3. A human clinical study has reported the effect on cardiovascular risk factors of a marine oil rich in 22:6n-3 and 22:5n-6, similar to the oil used in this study, showing that the oil was safe and did not adversely affect cardiovascular disease. 33) In future, human data on the retroconversion of 22:5n-6 to 20:4n-6 caused by a high 22:6n-3 administration will be required.
In our previous study, a high 22:5n-6 concentration was unique to the rat testis, where the level of 22:5n-6 was found to be independent of the quality and quantity of oil supplemented to the diet for mature rats. 19) The testis is an organ that consumes C22 PUFA to transport the sperm into the vesiculae seminalis. 34) At homeostasis, 22:5n-6 as the dominant C22 PUFA in the testis is believed to be involved in the function of sperm transportation. 34) A study on the testicular development of rats maintained from weaning age to 63 weeks has reported that rats fed with a n-6 FA deficient diet suffered testicular degeneration with the loss of germinal cells and the 22:5n-6 level was being markedly low in the testis. 35) In this study, the fatty acid profile in the testis of newborn and weaned rats showed that 22:5n-6 The mRNA expression level of D6D was measured by real-time PCR. Each Result is expressed as the relative concentration (n ¼ 3{6). SO, safflower oil diet; LA-DHA, 18:2n-6-rich diet; DPA-DHA, 22:5n-6-rich diet. The significance of differences between different dietary treatments was evaluated by an analysis of variance (ANOVA) and the Bonferroni-Dunn post-hoc test. Bars not sharing a common roman letter are significantly different (p < 0:05).
in the testes was at a level independent of the dietary effect. These results support the unique presence and importance of 22:5n-6 during the development of this organ (Tables 5 and 6 ).
It is known that testicular lipids have an active metabolism, arising from both dietary sources and from the processes of synthesis, elongation, desaturation, interconversion, esterification and oxidation by the testicular tissue itself, 36) although the source of 22:5n-6 accumulation during early growth has not yet been clarified. In the present study, focusing on the results for the SO group testis at week 3, the low D6D expression level was not in proportion to the increased accumulation of major n-6 metabolites, especially 22:5n-6 (Table 6 ). This suggests that the accumulation of 22:5n-6 in the testis at the growing stage was not only supported by local production, but also by uptake from the circulation system, which was probably provided by synthesis in the liver. According to an analysis of mouse transcriptome, SREBP-1 was highly expressed in the liver, while its expression in the testis is less than 25%. 37) Moreover, the same relative SREBP-1 expression in these tissues has been reported in rodent and human tissue. 38) The low testicular expression of the transcription factors may explain the lower desaturase response observed in the testis than in the liver.
In conclusion, the results of the present study demonstrate that the conversion of 22:5n-6 to 20:4n-6 was more effective than of 18:2n-6 to 20:4n-6 under the condition of a high 22:6n-3 administration. A second finding in this study is the possibility of 22:5n-6 uptake from the circulation system for testicular 22:5n-6 accumulation during early growth.
